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ABSTRACT
AN ULTRASTRUCTURAL SURVEY OF THE NUCHAL GLANDS
OF RHABDOPHIS TIGRINUS (SERPENTES: COLUBRIDAE)
Kathleen A. Roberts
Old Dominion University, 2000
Director: Alan H. Savitzky

Rhabdophis tigrinus, an Asian natricine snake, possesses a series o f
integumentary glands located in the nuchal skin. Previous studies indicated that the
nuchal glands are of mesodermal origin, contain cardiac steroids analogous to bufotoxins
found in the parotoid glands of toads, which are included in the snake’s diet. The nuchal
glands are defensive in function. Preliminary histological studies revealed differences in
quality o f the gland tissue compared to previous studies, and difference in fixation
techniques were suspected. Seven specimens o f R. tigrimts were fixed by perfusion using
a conservative fixation process standard for electron microscopy. The nuchal gland
series of specimens from toad-present and toad-free populations were studied, including
those of males, females, adults, and one juvenile was studied. Series of nuchal glands
were fixed, excised, and randomly sampled for cellular structure, in order to determine
whether cardiac toxins are produced in the gland or sequestered from a diet o f toads.
Cellular morphology, including low numbers o f steroidogenic mitochondria,
polyribosomes, and evidence o f pinocytotic activity along nuchal gland cell membranes
strongly suggests that the steroidogenic compounds in the gland product are derived
from the diet and sequestered in the nuchal gland. The variable quality o f nuchal gland
tissue appears to reflect the holocrine nature o f the gland, as well as demonstrate the
effects of fixation. There were no apparent histological differences between specimens
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from toad-present and toad-free localities. There appears to be a difference in the gland
cells o f the single juvenile specimen when compared to adult specimens at scale o f light
microscopy, although there does not appear to be a difference in the cellular structure
under transmission electron microscopy. The results o f this study do not refute the
hypothesized mesodermal origin o f the nuchal glands.
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CHAPTER I
INTRODUCTION
Reptiles possess a wide range of defensive behaviors, some with attendant
morphological innovations. Such innovations include crypsis and aposematism, which
are found in many taxa; tail autotomy in Rhynchocephalia (Sphendondontidae) and
many scleroglossan squamates (e.g. Gekkonidae and Xantusiidae); erection of a dorsal
crest or frill in Rhynchocephalia and iguanid lizards (Iguania: Iguanidae); modified
ocular vessels for squirting blood in Phrynosoma (Iguanidae); and autohemorrhaging
from the eye and mouth regions in the Bahaman pygmy boa, Tropidophis pardalis
(Serpentes: Tropidophiidae) (for a review of reptilian defenses see Greene, 1988).
Defensive glands are found in many reptilian taxa, such as the cloacal glands ubiquitous
in Serpentes, cephalic gland-like structures of scolecophidian snakes (e.g. Typhlopidae)
(Borgioli and Lanza, 1986; Minton et al., 1977), and the pungent axillary and inguinal
glands of some turtles (Testudines: Chelydridae and Kinostemidae)(Eisner, et al., 1977).
Duvemoy’s glands o f some colubrids snakes and the venom glands of Viperidae,
Elapidae, Atractaspis (Atractaspididae), and Heloderma (Scleroglossa: Helodermatidae)
are used defensively, but the primary function of these glands is considered to be an
adaptation for feeding, rather than defense (Savitzky, 1980).
Less common among reptiles are taxa that possess defensive glands located in the
dorsal region of the body. Two groups of reptiles known to possess such dorsal defense
glands are certain Old World natricine colubrids snakes (Natricinae) and a genus of

The model journal for this thesis is Copeia.
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Australian gekkonid, Diplodactylus. In total, thirteen species of Asian natricines of the
genera Balanophis, Macropisthodon, and Rhabdophis, and seven species of
Diplodactylus possess dorsal glands that are defensive (Mori, in litt.; Rosenberg and
Russell, 1980).
The first description of nuchal glands found in Rhabdophis tigrinus (formerly
Natrix tigrina) by Nakamura (1935) resulted from a thorough morphological and
histological investigation of the glands. He suggested that the glands may be of
mesodermal origin and reported that the contents of the nuchal gland are irritating to the
eye and presumably function to deter predators (Nakamura, 1935). Subsequent studies of
R. tigrinus have led to histological and morphological descriptions of the glands, the
discovery of polyhydroxylated cardiac steroids similar to bufotoxins found in the
parotoid glands of toads (Akizawa et al., 1985a; 1985b; Azuma et al., 1985), recognition
that toads are an important part o f the diet (Fukada, 1992; Kadowaki, 1992; Moriguchi
and Naito, 1982), and the discovery of unique behaviors attributed to the presence of the
gland series (Greene, 1998; Mori et al., 1996).
Many invertebrate taxa possess defensive toxins, such as the cardenolides of
monach butterflies (Lepidoptera: Danaidae) and lucibufagins of fireflies (Coleoptera:
Lampyridae), and among vertebrates, tetrodotoxin of puffer fish and newts. While
cardiac steroids found in the parotoid glands of toads appear to be synthesized from
cholesterol precursors, the origin and method by which some animals sequester toxins
remains unknown (Daly, 1995).
Considering the implication of previous studies on Rhabdophis tigrinus, the
present study attempts to determine, by examining nuchal glands with transmission and
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light microscopy, whether the organelles of nuchal gland cells support synthesis or
sequestration of the cardiac steroids found in the nuchal glands. Additionally,
comparisons are made between the nuchal glands of R. tigrinus and other vertebrate
glands, with emphasis on the caudal glands of Diplodactylus and parotoid glands of Bufo
species. (Anura: Bufonidae).
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CHAPTER II
BACKGROUND
GLANDS
Structure O f Glandular Tissues
By definition, glands are composed of cells that synthesize a product that differs
in composition from intercellular fluid or blood. The product synthesized in such cells is
usually stored in membrane-bound vesicles known as secretory granules. The
macromolecules produced and stored in gland cells may be lipids, proteins or complexes
of carbohydrate and proteins (Junqueira et al., 1995). Glands generally arise from
invaginations and outgrowths formed from the induction of either of two embryonic
layers, endoderm or ectoderm (Gilbert, 1997). However, some mesenchymally derived
connective tissues produce secretory products that leave the gland by a duct or via the
circulatory system, or that accumulate in the extracellular matrix (Kardong, 1995). None
of these mesenchymal exceptions are found in the epidermis save the nuchal glands and
perhaps the defensive glands of Diplodactylus.
Glands are generally categorized by morphology or, if known, by function.
Glands are defined as exocrine when the glandular product is conducted via a duct to the
target region. Endocrine glands lack a connection from the gland to the target and instead
the glandular product is secreted into the circulatory system (Gartner and Hiatt, 1994;
Junqueira et al., 1995) via an extensive vascular supply characterized by abundant
fenestrated capillaries (Gartner and Hiatt, 1994). Exocrine glands may be either
unicellular or multiceilular and, if the latter, are further classified by the threedimensional shape of the secretory units. These units may be acinar (alveolar or
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saccular), tubular, or a combination of the two, tubuloacinar. When a single duct leaves
the gland, the gland is described as a simple. However, if the duct system is branched the
gland is referred to as compound. The glandular product provides an additional means of
classification, and three types are generally recognized: granular (serous), mucous, and
glands that secrete a mixture of the two. The amount of cytoplasm contributed to the
secretion also provides a means of classification. Apocrine secretion involves collection
of secretion in large vacuoles beneath the apical portion of the cell. When the entire cell,
along with stored secretory granules, contributes to the secretion, the gland is holocrine.
If the secretory granules leave the cell via exocytosis unaccompanied by cell cytoplasm,
the gland is merocrine (Gartner and Hiatt, 1994; Junqueira et al., 1995). While these
terms are useful descriptors, some vertebrate glands do not readily fit within these
categories.
Overview O f Vertebrate Integumentary Glands
All vertebrates possess integumentary glands (Krejsa, 1979), although the type
and number of glands vary among taxa. The following are glands from representative
non-mammalian vertebrate taxa.
Lampreys and hagfishes possess widely distributed mucous cells, specialized
mucous cells, granular cells and thread cells (club cells), located in various regions of a
layered epidermis. Mucous cells are considered the most primitive integumentary glands
and possess secretory granules at the apical surface that arise from Golgi apparatus
located at the basal end of the cell. The remaining glands are holocrine (Krejsa, 1979;
Quay, 1972). Chrondrichthyans possess unicellular glands, in addition to multicellular,
holocrine granular glands that produce venom used in conjunction with dermal spines,
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multicellular glands modified as light organs (photophores), and clasper glands
comprised o f multicellular mucous or goblet cells at the base o f claspers (Quay, 1972).
Glands of teleost fishes and amphibians can be found embedded in the dermis, as
opposed to various layers o f the epidermis as in cyclostomes. Some teleost larvae
possess mucoid cephalic glands that contain enzymes used to dissolve the eggshell
(Mabee, 1998; Quay, 1972). Adult bony fishes possess three types of glands: club,
granular, and mucous. Mucous glands, as in cyclostomes, secrete the glandular product
from the apical portion o f the cell. Granular cells are largely unstudied, but are thought
to possess toxic secretion. The club cells, or alarm cells, o f Ostariophysi and
Gonorhynchiformes are large and possess homogenously dispersed cytoplasmic fibrillae
that form from extensive Golgi apparatus. Venom glands associated with defensive
spines are holocrine (Quay, 1972).
Anuran larvae also possess glands that digest the egg membranes, as well as
many epidermal glands, most o f which are unicellular (Kent, 1987; Quay, 1972) and
located in the superficial layer o f the epidermis. In contrast, unicellular Leydig glands,
whose secretions may provide protection against bacteria and viruses (Kardong, 1995) or
perhaps prevent desiccation (Krejsa, 1979), are located between the basal and superficial
cells o f the epidermis. Most unicellular glands of amphibian larvae are lost at
metamorphosis (Krejsa, 1979). Granular or poison glands are fewer and larger than
mucous glands and produce a noxious apocrine secretion. Toads o f the family Bufonidae
possess large alveolar granular glands known as parotoid glands, located behind the
eyes, as well as smaller granular glands elsewhere on the body. The parotoid glands
produce an irritating secretion when the toad is attacked (Quay, 1972; Krejsa, 1979).
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Specialized alveolar mucous glands in thumb pads, nuptual glands, or sternal
glands of some male anurans and in the mental glands o f some piethodontid salamanders
are thought to play a role in amplexus (Quay, 1972).
While glands are found in most reptilian taxa (Quay, 1972), the glands are not
present throughout the skin, as in amphibians, but rather are restricted to certain regions
o f the body (Krejsa, 1979). With the exception of some cloacal glands, most are
holocrine and show similarities to keratinizing epidermal cells. Within lizards there are
two general types o f glands, those associated with the sloughing epidermis, or generation
glands, and typical glands of the dermis, preanal glands (Quay, 1972). Both of these may
be found on the abdominal, femoral, inguinal and preanal regions (Cole, 1966). Both
generation glands and preanal glands are holocrine in nature (Menchel and Maderson,
1975) and produce a waxy substance similar to sebaceous glands in mammals (Krejsa,
1979). Femoral glands produce a plug that may protrude beyond the level of the
epidermis. The function o f secretion of escutcheon scales possessed by some gekkonids
is unknown (Maderson 1968; Krejsa, 1979). Diplodactylus possesses holocrine caudal
defensive glands located in the submuscular region o f the tail (Rosenberg and Russell,
1980).
Alligators (Crocodilya: Alligatoridae) possess two pairs o f scent glands, one that
opens to the cloaca and a second that emerges on the inner margins on the lower jaw
Cannon et al., 1996). Stemotherus (Testudines: Kinostemidae) possesses four,
morphologically identical glands located in the anterior portion o f the hind limb pockets
that secrete small quantities of effective, strong-smelling secretion used to deter
predators (Eisner, et al., 1977).
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Scolecophidian snakes possess peculiar holocrine-like glands in the dermis at the
base of each scale cephalic scale (Aota, 1940). Cells o f the gland are filled with smooth
endoplasmic reticulum, mitochondria and fatty droplets. Gland function is unknown but
they may provide some mechanical advantage to this fossorial group (Borgioli and
Lanza, 1986). The glands may be defensive, as suggested by the commensal relationship
between the blind snake Leptotyphlops dulcis (Serpentes: Leptotyphlopidae) and eastern
screech owl, O tusasio (Gehlbach and Baldridge, 1987), and the death of a colubrid
snake, Conopsis nastts, that consumed a Leptotyphlops (Serpentes, (Minton, et al.,
1977). Defensive glands have been described in some Rhabdophis, M acropisthodon,
and Balanophis spp. and are thought to be holocrine (Nakamura, 1935). Other reptilian
glands include dorsal glands of Crocodylia and cloacal glands o f snakes, crocodilians
and turtles (Kroll and Reno, 1971; Krejsa, 1979).
Many birds possess a uropygial gland, characterized as a simple branched
alveolar gland. Its holocrine secretion contains esters o f fatty acids and triglycerides
(Wagner and Boord, 1975) used to condition and waterproof feathers (Krejsa, 1979). The
gland shares morphological and cellular similarities to sebaceous glands in mammals
(Wagner and Boord, 1975). Additional glands found in birds include small, tubular
glands along the external anal canal or near the proctodeum and sebaceous like glands
located in the dorsal skin of the trunk as well as the external auditory region o f a few
species (Quay, 1972).
RHABDOPHIS TIGRINUS
Natural History o f Rhabdophis tigrinus
The natricine colubrid genus Rhabdophis is distributed across eastern Asia and is
characterized by enlarged posterior maxillary teeth, moderate size (females are about 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

9

m, males are smaller), and approximately 20 pairs o f nuchal glands (Toriba and Sawai,
1990). The genus was formerly included in Tropidontus and Matrix (Malnate, 1960).
Rhabdophis tigrinus (Boie), commonly called Yamakagashi (“mountain snake;” Mori,
pers. comm.) probably gets its name (tigrinus) from the tigerlike appearance of the red
and black spots found on the sides (Stejneger, 1907).
Nakamura (1935), having examined 13 unspecified species o f “Matrix, ” reported
the presence o f nuchal glands only in the three subspecies R. tigrinus formosanus, R. t.
lateralis and R. t. tigrinus. Smith (1938) expanded the number o f species possessing
nuchal glands to include one species of Balanophis, three o f Macropisthodon, and five o f
snakes then belonging to Matrix and now assigned to Rhabdophis. Akira Mori (in litt.)
recently enumerated the taxa known to possess nuchal glands: Balanophis ceylonensis,
Macropisthodon flaviceps, M. p/umbicolor, M. rhodomelas, Rhabdophis chrysargus, R.
himalayanus, R. leonardi, R. nigrocinctus, R. nuchalis, R. subminiatus, R. tigrinus
formosanus, R. t. lateralis, and R. t. tigrinus.
In Japan, Rhabdophis tigrinus occurs on Honshu, Kyushu, Shikoku and some of
the smaller islands, but not Hokkaido. It is also found in Korea, Southern Primorsky in
the former USSR, and China, including Taiwan (Fukada, 1972). R. tigrinus, along with
the sympatric colubrine snake Elaphe quadrivirgata, often dominate snake communities
(Fukada, 1992; Kadowaki, 1994). The subspecific classification of Rhabdophis tigrinus
is debated (see Goris, 1971 for review), but Rhabdophis t. tigrinus generally is
recognized in Japan, R. t. lateralis is recognized on the continent, and R. t. formosanus
occurs in Taiwan (Toriba and Sawai, 1990). R. t. tigrinus was used in this study.
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Coloration in Rhabdophis t. tigrinus is higlily variable. The ground color is
generally brown, black or olive with a yellow nape and lips and with red bars on the
anterior dorsum (Goris, 1971; Maki, 1931). Most individuals possess a series o f dorsal
blotches, although the blotches may be difficult to detect in melanistic individuals. These
blotches vary in number, arrangement, and distinctiveness and appear to vary
geographically (Goris, 1971; but see Toriba, 1992).
In Japan, Rhabdophis t. tigrinus is frequently found in aquatic habitats such as
rice paddies between early April and late November when temperature ranges from 11°C
to 3 1°C (Moriguchi and Naito, 1982). The diet of R. t. tigrinus varies with location, but
is reported to consist o f loaches (Misgurtnis spp ), tadpoles, frogs and toads, including
Bufo japonicus formosus, Hyla japonica, Rana buergeri, R. japonica, R. limnocharis, R.
nigromaculata, R. ornativentris, R. porosa brevipoda, R. rugosa, Rhacophorus arboreus,
R. schlegeli (Fukada, 1992; Kadowaki, 1992; Mori et al., 1992; Moriguchi, 1982;
Moriguchi and Naito, 1982). The diet o f R. tigrinus varies with season and the predator’s
body size (Moriguchi and Naito, 1982). R. tigriims may opportunistically consume bird
chicks, as evidenced by such behavior in captivity (Goris, 1970). In addition, although
considered terrestrial and semi-aquatic (Moriguchi and Naito, 1982), R. tigrinus has been
observed to prey opportunistically on the arboreal frog Rhacophorous arborealis,
employing an arboreal ambush behavior (Mori et al., 1992). The food habits o f R.
tigrinus are largely unstudied. However, Fukada (1992) indicated that two male and two
female R. t. tigrinus given frogs ad libitum were capable o f consuming 34, 39, 50 and 57
prey (Rana nigromacidata and R. limnocharis), respectively, over a six-month period.
The males consumed 322 g and 379 g, while the females consumed 672 g and 1,126 g.
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Speed o f digestion differs with temperature and size o f prey, but it may take 40 - 115
hours from ingestion to defecation. Prey items are completely processed prior to taking
the next prey item (Fukada, 1992).
Rhabdophis tigrinus occasionally mates in June and July, but most matings occur
from late October to November. Gestation, defined by Fukada (1992) as the period
between copulation and oviposition varies from 32-91 days for summer matings to 254
days for fall matings. The latter apparently demonstrates delayed fertilization.
Oviposition occurs between late June and mid August, and there is no parental care.
Clutch size ranges from 2-26 depending on the size of the female, and incubation ranges
from 29-45 days (mean = 38) (Fukada, 1972, 1992). Hatchlings possess a yellow or
white collar that is lost in adults (Toriba et al., 1983; Fukada, 1992). Individuals mature
and are capable of mating 15 months after hatching, and females may lay eggs by two
years o f age. Males possess secondary sexual characteristics, either strongly developed
or knobbed keels on the dorsolateral scales of the cloacal region (Fukada, 1992). R.
tigrinus exhibits sexual size dimorphism (the female is larger), which is evident even at
hatching (Fukada, 1992).
The longevity record for Rhabdophis tigrinus in nature is four years and three
months. In captivity the longevity record is seven years and nine months, significantly
shorter than the sympatric colubrine snake Elaphe quadrivirgata, which lives as long as
six years and 11 months in nature and 14 years and nine moths in captivity (Fukada,
1972). Based on notes from 14 years o f data from captive-born hatchlings that were
marked, released and subsequently recaptured, survivorship was 21.1% the first year,
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10% the second year, 3% the third, and 0.45% the fourth. However, the possibility of
dispersal outside o f the study area was not eliminated (Fukada, 1992).
Rhabdophis tigrinus is important in the lifecycles o f many parasites, including
Trematoda (Pharyngostomum cordatum, Encyclometra japonica, Paradistomom
megareceptacum, and Proalarioides serpentis), Cestoda (Ophiotaenia japonensis and
Spirometra erinacei), Nemathelminthes (Ophidascaris natricis and Kalicephalus
natricis) and Acanthocephala (Southwe/lina hispida) (Fukase, et al. 1987; Kagel, 1973;
Uchida et al., 1977; Uchida and Itagaki, 1980). R. tigrinus individuals presumably
acquire these endoparasites through a diet of infected frogs. Mammalian predators, such
as cats, complete the parasite lifecycle by preying on infected snakes (Fukase et al.,
1987). Sato et al. (1992) report an infection rate o f Spirometra erinacei o f 91% in R.
tigrinus, and Fukase et al. (1987) report that the burden o f metacercariae, located in
various tissues and organs, but primarily in the intercostal muscles and serosa, may reach
several thousand per snake (Fukase, 1987; Sato, et al. 1992). This heavy load of parasites
presumably has a negative impact on escape behavior and longevity (Fukase et al.,
1987).
In addition to the defensive nuchal glands, Rhabdophis tigrinus possesses
Duvemoy’s glands that contain highly active venom known to cause
hypofibrinogenemia (Sakai, et al, 1983). Although bites are rare and the animal is
generally considered to be docile, envenomation may cause death in humans, apparently
from hypofibrinogenemia (Mittleman and Goris, 1978; Weinstein and Kardong, 1994).
Reported clinical symptoms include profuse swelling at the site, pain, headaches, nausea,
vomiting, blood coagulopathies, bleeding gums, and renal failure due to necrosis o f the
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glomeruli (Kono and Sawai, 1975; Mittleman and Goris, 1974, 1978). Although whole
blood transfusions may be an effective treatment, envenomation by R. tigritms is a
significant threat to life given the difficulty o f specific antivenin preparation (Mittleman
and Goris, 1978, pers. comm.). Despite the venomous nature o f this species, antipredator
behaviors appear to involve use o f the nuchal glands for defense rather than the
Duvemoy’s glands (Mori et al., 1996). The latter presumably function primarily in
feeding.
Defensive Behavior o f Rhabdophis tigrinus
Nakamura (1935), from personal experience, reported that the secretion o f the
nuchal glands of Rhabdophis l. tigrinus induces inflammation o f the mucous membranes
and causes acute pain and subsequent conjunctivitis when introduced to the eye. Based
on those effects, he proposed that the glands are defensive in nature. Smith (1938)
subsequently conceded that the gland might be defensive in nature, citing an incident
observed by Liu (1937; cited in Smith, 1938) wherein a dog, mouthing a R. t. tigrinus,
was observed foaming at the mouth and had allowed the snake to escape. However,
Smith argued against a primarily defensive function of the gland series, indicating that
the head-raising and neck-arching behaviors associated with snakes possessing the
glands are seen in many other snake taxa (such as Naja, Cylindrophis) and are not
specific enough to be associated exclusively with possession o f the glands. Smith also
cited Ridley (1899; cited in Smith, 1938), who observed that the appearance of the
secretions against the dark gland series in Macropisthodon rhodomelas bears a similar
appearance to the nuchal markings of cobras {Naja).
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Subsequent studies have characterized the antipredator behaviors of Rhabdophis
iigrittus, some o f which are specifically associated with the nuchal gland series (Greene,
1998; Mori et al., 1996). When confronted by predators, R. tigrimis may exhibit a variety
o f behaviors including flight, letisimulation, aggression, or use o f the nuchal glands
(Fukada, 1961; Mori et al., 1996; Mori and Burghardt, 2000; Mutoh, 1979, 1983).
Recent work by Mori et al. (1998) elucidates both previously known and newly
described antipredator behaviors of Rhabdophis tigrinus resulting from specific
antagonistic stimulation and supports the role o f the nuchal glands in defense. Such
behaviors were elicited by pinning or pinching regions of the neck, body or tail with a
snake hook at two ambient temperatures (15 and 25 °C). In addition, neonates were
confronted with a human hand, moving and nonmoving, and by tapping the body from
head to tail. Behaviors observed from these tests included several previously listed in
literature, viz., flight, biting, body flattening, neck-arching, neck-flattening, head
elevation, hissing, neck-arching, neck-butting, open mouth, and tail elevation (Fukada,
1961; Mutoh, 1979, Smith, 1938). Previously observed antipredator behaviors not
demonstrated by Mori et al. (1998) were head-hiding, letisimulation, and nuchal gland
secretion (Fukada, 1961; Mutoh, 1979). Antipredator behaviors described for the first
time by Mori et al. (1998) included dorsal-facing, jerking, self-biting, striking, and tail
vibration (for behavioral definitions, see Mori et al., 1998). Fukada (1992) suggested that
the first o f the listed behaviors, neck-arching and neck-flattening, serve to expose the
brightly pigmented skin between the scales, perhaps serving as an aposematic warning to
predators, but he conceded that the relationship o f the behavior to the glands was
unknown (Fukada, 1992). Mori et al. (1998) observed that, although R. tigrimis
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possesses highly venomous Duvemoy’s glands (Sakai, et al., 1983), defensive striking
and biting are rarely observed. Instead R. tigrim is exhibits flight, letisimulation, neckarching and flattening, or other dorsally directed behaviors involving the neck.
Differences in display may be attributed to age, temperature, stimulus, and body region
stimulated. Temperature appears to play a role in determining the use of flight behaviors
versus letisimulation or nuchal gland defense (Mori et al., 1996; Mutoh, 1983).
Mori and Burghardt (2000) extended these studies by examining differences in
antipredator responses in Rhabdophis tigrim is from toad-present and toad-free
populations. Assuming that R. tigrimis sequesters toxins from a diet o f toads and exhibit
specific behaviors associated with the defensive nuchal glands, they predicted that
specimens from a toad-free region would not exhibit the same gland-associated
behaviors specifically neck-arching, neck-butting and dorsal neck-facing postures,
observed in snakes from toad-present populations. The study subjected neonate R.
tigrim is from toad-free and toad-present islands to a series of antagonistic stimuli similar
to those applied in the previous study (Mori et al., 1996). Although neonates from both
populations possess nuchal glands that contain secretion (Mori, unpublished), snakes
from toad-free populations were more likely to flee and far less likely to exhibit glandassociated behaviors than neonates from toad-present islands (Mori and Burghardt,
2000 ).

In addition to antipredator behaviors, Rhabdophis tigrimis have been observed to
exhibit an upside-down resting behavior, seen both in captivity and in the field (Fukada,
1992; Mori, pers. comm.). The snake turns its head and anterior trunk region so that the
venter is exposed. In that position the snake appears asleep, but rights itself quickly upon
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being startling (Fukada, 1992; Mori, pers. comm., pers. obs). The significance o f this
behavior is unknown.
Morphology And Development O f The Nuchal Glands
The nuchal gland series o f Rhabdophis tigrimis is present in both sexes and is
found in adults as well as young, although they are less developed in the latter. Gland
size and number vary among similarly sized animals, which may reflect seasonal
variation (Smith, 1938). In adults the nuchal ridge extends between the 15th and 18th
rows o f dorsal scales and is approximately 5-7 scale rows wide (Nakamura, 1935). A
shallow, longitudinal depression may be visible between the gland rows, which are offset
laterally from the mid-dorsal scale. Except most anteriorly, the glands exhibit a one-toone correspondence with the ventral shields and vertebrae, and thus to metameric
segments of the body (Smith, 1938). There are no openings that connect each gland with
the surface of the skin. Mechanical pressure is required to breach the skin and extract the
glandular contents, which are described as yellowish, foul-smelling, and mixed with a
minute amount of blood (Nakamura, 1935). Dissection o f the gland series reveals two
rows o f ovoid, yellow glands encapsulated in white connective tissue tightly adherent to
the overlying skin (Nakamura, 1936; Smith, 1938). In cross section each gland appears
subspherical and varies in diameter from 1.3-2.5 mm. The number of glands in
Rhabdophis tigrimis varies from 10-18 pairs (Nakamura, 1935; Smith, 1938). The gland
series may not be strictly symmetrical, and one row may possess one or two more glands
than the other (Nakamura, 1935). Nakamura (1935) described both the anterior and
posterior glands of the series as larger than the central glands. Smith (1938), however,
described only the anteriormost glands as the largest.
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Histological examination of specimens fixed with Bouin’s fluid or 10% formalin
and stained with Delafield’s haematoxylin and eosin revealed that the gland is located in
the stratum compactum of the dermis (Nakamura, 1935). Guanophores, melanophores
and lipophores extend ventrally from the epidermis toward the gland. There are no
muscle fibers adjacent to the thick corium that would serve to rupture the gland.
Although there is no duct, lumen, or basement membrane in the inner lining o f the gland,
the skin is thinnest between scales where the gland ruptures upon emptying. Nakamura
(1935) reported the presence of polygonal gland cells found with subspherical, flattened
nuclei and large vacuoles that displace the cytoplasm. Numerous capillaries were
observed throughout the gland. Cells at the periphery o f the gland are smaller and most
lack vacuoles. Granules and crystals observed in gross dissection were not visible in
paraffin sections, as they probably dissolve readily in nonpolar fixatives and alcohol
used in embedding. Sections obtained with a freezing microtome and subsequently fixed
with acetone revealed the presence of crystals within gland cells but not in surrounding
tissues (Nakamura, 1935). Sections revealed that expelled glands are largely empty.
Blood clots and a few nuchal gland cells remain near the point o f rupture, and
cytoplasmic contents and isolated nuclei are found adjacent to the blood capillaries
(Nakamura, 1935).
Fukada (1958) studied the embryonic development of the gland series to
determine the stage at which the glands appear and the germ layer from which they arise.
Embryos from Days 0-30 following oviposition were examined. Eggs were incubated at
an average temperature o f 27.1 C and hatching occurred at approximately Day 36. Eggs
were opened on each day of incubation and were preserved in Bouin’s solution. The
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condition of the nuchal region o f the embryos was described, and the heads were
embedded in paraffin for light microscopy.
Glands, indicated by dark spots in the integument, are initially apparent on Day
15 (Fukada, 1958). Two rows o f anteriorly positioned glands are visible through the
epidermis, which is not yet covered with scales. By Day 21 it is possible to see up to 12
glands, and each day the nuchal ridge becomes more distinct, but by Day 22 the dark
color pattern conceals the posterior portion o f the gland series. By Days 35 —36, 14
glands are visible by dissection, and the first six glands are yellowish, presumably filled
with secretion. Histological observations reveal that on Day 1 the epidermis is one cell
thick, with few nuclei evident, and the dermis is comprised of loose connective tissue
with mesenchymal cells (Fukada, 1958). By Day 4 the epidermis thickens and the
number of nuclei has increased. Fukada (1958) notes that the dermal cells adjacent to the
epidermis are smaller and more numerous than the cells found elsewhere. Blood vessels
are observed within the dermis. By Day 9 the epidermis has continued to thicken and the
underlying dermis is more compact and distinguishable from the inner portion, which
will eventually hold nuchal gland cells. On Day 10, areas of the epidermis and portions
o f the dermis form scale rudiments. Within the dermis blood vessels and future gland
cells aggregate. On Day 11 the gland becomes more compact and appears oval in crosssection; the gland is now embedded within the dermis. By Day 15 the gland increases in
size and appears to be comprised o f a compact mass o f cells. Its ventral surface overlies
the axial muscle layer. Pigment cells overlying the glands mark the location o f the latter.
By Day 18 the gland has grown to abut the inner portion o f the surrounding dermis while
the more ventral aspect reaches the underlying muscle and melanophores appear in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19

upper portion o f the corium. On Day 22 the gland is well developed and has grown much
larger. The now compact gland contains capillaries and is positioned beneath the second
and third scale rows from the middorsal line. From Day 25 until hatching the glands
continue to increase in size (Fukada, 1958).
Fukada (1958) believed that the gland is formed by an aggregation o f
mesodermal cells and therefore is not ectodermally derived. William A. Velhagen, Jr. (in
litt.) replicated these embryological studies and could not refute a mesodermal origin for
the glandular cells.
Savitzky et al. (1996) recently studied the vascular supply to the nuchal gland
series by perfusing anesthetized snakes with a low viscosity vascular casting material
(Microfil). Subsequent dissection and clearing with methyl salicylate revealed the
presence o f a remarkably elaborate capillary bed within the intact nuchal glands.
My preliminary microscopic examination o f nuchal glands consisted o f (1)
glands from which secretion had been collected several weeks prior to dissection and (2)
previously preserved specimens that had been stored in 70% ethanol (EtOH). Sectioning
of the previously expressed gland series revealed nuchal glands filled with collagen
fibers, rather than nuchal gland cells. In addition, comparison o f sections o f freshly fixed
material versus material preserved in formalin and stored in EtOH indicated that
preservation of the latter was inadequate for detailed study. Furthermore, marked
differences in the appearance o f the tissue when compared to Nakamura’s (1935)
observations led to concerns regarding the efficacy o f previous techniques and fixatives
used in primary fixation. In light o f the vascular study o f Savitzky et al. (1996),
specimens in this study were fixed by vascular perfusion.
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In the only previous ultrastructural survey o f the nuchal glands o f Rhabdophis
tigrinus, Mori and Migita (1983) found nuchal gland cells containing minimal rough
endoplasmic reticulum, few ribosomes, and no smooth endoplasmic reticulum or Golgi
apparatus. Although pericytes and endothelial cells o f blood vessels were found, basal
cells were absent between the connective tissue capsule and nuchal gland cells. Mori and
Migita (1983) described well-preserved chromosomes, indicating that a few were in the
process o f condensing. Some o f the gland secretions lacked the typical cytoarchetecture
expected and instead were filled with amorphous material. Cells that appeared to be
macrophages were also found in these areas. Occasionally, areas at the base of a scale
consisted of only a few small nuchal gland cells, rather than an entire gland, and lacked
connective tissue found in complete glands.
Nature O f The Nuchal Gland Secretion
Nakamura (1935) extracted and examined the product o f nuchal glands of
Rhabdophis tigrinus under 500X magnification. He observed small granules, yellow
crystals, isolated nuclei, melanophores, blood and lymphatic cells, and small, granulefilled cells. In rare instances the extracted gland content differed in containing white
droplets. Granules appeared to be the most abundant component o f gland content and
were often closely associated with numerous isolated nuclei. O f unknown composition,
the granules did not react to osmic vapor, and thus were not lipid. The crystals were
“deep yellow,” less than seven micrometers long, and appeared to be nonpolar, readily
dissolving in formalin, acetic acid and 90% EtOH, but dissolving more slowly in
absolute EtOH and in ether. Tests for protein content using the Millon’s, biuret,
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Raspail’s and glycerin-iod reactions gave positive results for the glandular product as a
whole, but specific reaction with the crystals was less clear as the crystals dissolved in
the test reagents before reacting. The pH value of the glandular content is approximately
neutral as determined by a colorimetric method (Nakamura, 1935).
Several studies have reported the effects o f the nuchal gland secretion of
Rhabdophis tigrinus. Nuchal gland secretions placed on an anesthetized tongue o f the
frog Rana nigromaculata resulted in “congested” capillaries at the site o f application
(Nakamura, 1935). Liu (1937; cited in Smith, 1938), inspired by observing a dog foam at
the mouth after mouthing a R. tigrinus, tasted the secretion and described it as bitter,
although it did not appear to have the same effect on his salivary glands. One worker,
who suffered a small amount of the secretion into the eye, reported comeal opacity and
was diagnosed with descemetitis. Treatment included chloramphenicol and flavineadine
dinucleotide ointments. Clinical symptoms were reported to have disappeared within
three days (Kawamoto and Kumada, 1989). Nuchal gland secretions placed in the eyes
of dogs and rabbits induced fugitive comeal epithelial detachment (Asahi et al., 1985).
Physiological studies conducted by Kitazume (1953) tested the effects of the
nuchal gland secretion o f Rhabdophis tigrinus when injected intravenously into rabbits.
The injections contained 10 mg of dried residue dissolved in 10 ml o f distilled water.
Results indicate that the secretion affects the contractility o f the heart. Blood pressure of
rabbits increased 30 mm Hg above normal for 25-30 minutes, and then gradually
decreased over a recovery time of 40 minutes. Nakai (1953) tested the effects of
intraperitoneal injection of nuchal gland secretion on mice using 0.1-0.2 ml o f a solution
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made from 10 mg of dried secretion dissolved in 10 ml of Ringer’s. Results included
mouth-wiping behavior, labored breathing, paralyzed limbs and an erect tail. Symptoms
were temporary and all subjects recovered, although a significant number o f subjects
subsequently developed mammary tumors (Nakai, 1953).
Chemical analyses o f the nuchal gland products o f Rhabdophis tigrim is revealed
the presence o f novel cardiac steroids (Akizawa et al., 1985a, 1985b; Azuma e t al.,
1986), similar in structure to bufotoxins found in the parotoid glands of toads. In
Akizawa’s lab, gland secretion was collected from two lots o f animals, consisting o f two
and 100 snakes, respectively, and secretion from each lot was pooled prior to analysis. A
total o f 55mg and 190mg, respectively, was obtained. The secretion, described as faintly
yellow and “sludgy,” was prepared by lyophilization, stored at -20° C, then reconstituted
and chromatographed using an ODS column and eluted with acetonitrile. Differences in
chromatographic pattern between the two lots of secretion were noted and w ere
explained by differences in retention time, noting a 19-month difference between the
collections o f two lots. Six novel, polyhydroxylated steroids were isolated and
characterized using H-NMR and C-NMR techniques and by structural comparison to
similar compounds found in the parotoid glands of toads, specifically gamabufotalin,
bufotalin, arenobufagin, cinobufagin, and marinobufagin. The cardiac steroids found in
the glands o f R. tigrimis are generally tetrahydroxylated, although the trihydroxylated
steroid gamabufotalin is also present, it differs from the conjugated form found Ln toad
toxin. Akizawa et al. (1985b) report that the steroids found in the nuchal glands of R.
tigrinus are absent in other tissues of the snakes. They also indicate that the same cardiac
steroids are found in R. subminiatus, but not in the outgroup Amphiesma pryeri pryeri.
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DIPLODACTYLUS
Although all higher taxa o f living reptiles possess integument glands (Rosenberg
and Russell, 1980), most are ectodermal in origin and are characterized by holocrine
secretion (Quay, 1972). The caudal glands found in some species o f Diplodactylus
(Gekkonidae) are located deep to the axial muscles of the tail. Each gland corresponds to
a body segment, diminishing in size from anterior to posterior (Rosenberg and Russell,
1980) and measuring 0.5 - 1.5 mm in length and 0.25 - 0.75 mm in height (Richardson
and HinchclifFe, 1983). Transverse septa separate each gland anteriorly and posteriorly,
and caudal muscle comprises the lateral wall of the gland. The vertebral column runs
through the center o f the glandular series and middorsal and midventral connective tissue
septa divide each pair o f glands. At a middorsal area of each gland there is a separation
in the overlying muscle. Beneath the integument and filling this gap in muscle is
connective tissue. Collectively referred to as the epidermal rupture zone (ERZ), it
provides a pathway for the glandular secretion, as there are no ducts leading from the
caudal glands to the surface o f the skin (Rosenberg and Russell, 1980). The gland is
lined with cells that possess flattened nuclei and little cytoplasm. There are two types of
cellular content found in the glands. The glands may be filled with intact polygonal cells
or with pyknotic nuclei and cell remnants. The two types never co-occur within the same
gland. Capillaries surrounding the gland may contribute erythrocytes which occur in the
secretion mass (Richardson and Hinchcliffe, 1983).
Transmission electron microscopic studies revealed cells approximately twothirds filled with tightly packed, concentric lamellae. These membranes extend into the
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cytoplasm and are empty, filled with granular substance, or possess layers o f lamellae.
Interestingly, mitochondria, found in almost every eukaryotic cell (Junqueira et al.,
1995) as well as Golgi apparatus are missing from these cells (Richardson and
Hinchcliffe, 1983).
Preserved secretion appears as a crumbly mass and in some species is dark with
pigment granules. The expressed secretion is yellow to dark, viscous, and upon
secretion, forms strands that can support water droplets (Richardson and Hinchcliffe,
1983). The secretion has a musky odor and is irritating to the eyes (Bustard, 1964).
Chemical analyses failed to reveal acid mucopolysaccharides, carbohydrates, neutral
lipids, or protein containing tyrosine in the vacuoles, although the secretion is
proteinaceous in nature. Additional studies revealed a few PAS-positive granules in
some vacuoles and in the lamellar region of the cell (Richardson and Hinchcliffe, 1983),
as well as glycoproteins and other polypeptide molecules at 14.4, 21.5, 31, 45, 66.2 and
92.5 kilodaltons (Rosenberg et al. 1984).
The secretion of Diplodactylus glands is apparently unpalatable, but nontoxic.
Mealworms, normally considered palatable, were smeared with the secretion from
Diplodactylus glands and were offered to chicks o f domestic chickens. The mealworms
were routinely rejected as meal items (Rosenberg and Russell, 1980). In another study, a
specimen of Diplodactylus was presented to a rat that had been deprived o f food. After
several attacks, the gecko autotomized its tail and was removed from the area. After 30
min the rat ate the tail and apparently did not suffer immediate or long-term effects
(Richardson and Hinchcliffe, 1983).
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Specimens o f Diplodactylus willamsi exhibit behaviors that are coupled with
possession o f the defensive gland. When encountered by a potential predator, specimens
o f D iplodactylus willamsi were observed lifting the tail in preparation to discharge the
caudal glands. In addition, the normally dull-colored animal will open its mouth flashing
the bright blue borders of the jaws as well as a purple throat, tongue and roof o f mouth
and effectively startling the predator. Should the predator ignore these warnings, a darkly
colored, viscous secretion will be discharged to almost one meter (Bustard, 1964).
Muscular contractions force the secretion through the rupture zone (ERZ), forcibly
ejecting the secretion. After the initial rupture, additional secretion oozes out from the
gland (Rosenberg and Russell, 1980).
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CHAPTER III
MATERIALS AND METHODS
Seven specimens of Rhabdophis tigrinus were collected by Akira Mori from five
locations in Japan (Table 1). Animals were housed in plastic cages with a moist substrate
o f sphagnum moss, fed 3-4 live or thawed feeder goldfish every 3-5 days, and were
provided with water ad libidum. Procedures used in this study were approved by the
local IACUC. Specimens were catalogued in the lab series (AHS L-) according to lab
protocol.
All specimens except L-8166 and L- 8152 were prepared in the following
manner. Specimens were anesthetized in a 3.8 1chamber containing paper towels
dampened with Halothane (Halocarbon Laboratories). When anesthetized the specimen
was removed from the chamber and placed on its back. The ventral skin overlying the
pericardial cavity was opened to expose the heart, which was injected with a lethal dose
o f sodium pentabarbitol mixed with a solution of 0.09% NaCl with heparin (as an
anticoagulant) and 1% NaNC>2 (as a vasodilator), adjusted to pH 7.5 (matching known
blood pH o f 7.53 for another colubrid genus, Heterodon\ Dessauer, 1970; Kraus and
Brown, 1998). Once all tonus was lost and while the heart was still beating, the
pericardial membrane was removed from the ventral surface o f the heart, and the
connective tissue binding the left aortic arch, right aortic arch and pulmonary artery was
removed to allow a ligature to be placed around the right aortic arch. To perfuse the
nuchal glands most efficiently via the right internal carotid artery, the apex o f the
ventricle was removed to expose the ventral and dorsal chambers o f the ventricle. A
polyethylene catheter (intramedic tubing; Clay-Adams) appropriate for the size o f the
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right aortic arch was inserted into the cavum arteriosum and fed into the right aortic arch
(Zippel et al., 1998). Prior to surgery the tip o f the catheter was cut at a 45° angle and
heated gently in the flame o f a Bunsen burner to provide an anchor for the ligature and to
prevent vessel damage. The previously placed ligature was tightened to retain the
catheter, and generally additional ligatures were applied to stabilize the catheter further.
Following catheterization the right atrium was opened to permit outflow.
The catheter was then attached to a 10 ml syringe filled with 0.09% solution o f
NaCl with heparin and 1% NaNCh (adjusted to pH 7.5) and delivered using either a
syringe pump (Braintree Scientific, Model BS 99) or manual perfusion. Once
exsanguinated, a primary fixative of 3% gluteraldehyde with 2% formaldehyde in 0.1 M
PO4 buffer, adjusted to pH 7.5, was delivered to the specimen through the same catheter
for two hours. The dorsal skin containing the nuchal gland series was then removed from
the specimen, with care taken to avoid mechanical stress. The dissected skin was pinned
flat, with the external surface down, and placed in glass containers filled with 3%
gluteraldehyde and 2% formaldehyde for 48 hours at room temperature. The fixative
solution was changed after the first 12 hours. The skin was then rinsed 3 times in chilled
0 .1M PO4 buffer, at pH 7.5, and then divided into the portions used in this study. These
pieces were designated by their regional positions (anterior, central and posterior) and
batch processed due to the prohibitive cost o f fixation in osmium tetroxide. These
samples were subsequently divided into smaller pieces o f approximately 2-3 mm3 and
placed on ice for two one-hour sessions, then for a final 12-hour session. Secondary
fixation consisted o f 2% OsC>4 in 0.1 M PO4 for three hours on ice. Tissues were then
rinsed three times with cold 0.1 M PO4 buffer, at pH 7.5. The rinsed tissues were
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dehydrated through an ethanol series o f 30% (10 min), 50% (10 min), 70% (10 min), 2x
95% (10 min), and 2x100% (15 min). Transition from alcohol to resin (Polybed 812;
Polysciences) was accomplished using EM grade acetone. The tissues were infiltrated
using mechanical rotation in a 1:1 mixture of Polybed 812 and acetone for four hours,
then embedded in 100% Polybed 812 overnight, and subsequently cured for 48 hours at
65 C (Bozzola and Russell, 1991).
Exceptions to the above procedure are as follows: the skin overlying the gland series
of specimen L-8166 was opened to allow the fixative to penetrate the surrounding
tissues. The glands were not removed for 48 hours, during which time the snake was
soaked in fixative at room-temperature ventral side up, to facilitate penetration of
fixative. The glands subsequently were divided and processed in three sections without
further subdivision, being mindful to retain its orientation for preparation o f an atlas of
the entire glandular series in thick sections (1pm). The gland series o f L -8153 was
divided into anterior, middle, and posterior thirds, but only the anterior region was
processed for TEM; the remaining two regions were saved for future paraffin studies.
Fixation o f L -8162 and L-8166 differed from the general protocol as follows: L-8152
was fixed with a primary fixative o f 10% formaldehyde rather than a mixture of 3%
gluteraldehyde and 2% formaldehyde.
Thick sections were cut from cured blocks using glass knives, and Richardson’s
stain (Hayat, 1993) was used to locate glandular cells within the collagenous capsule.
Once located, thin sections were taken randomly from the lateral, median or center o f the
gland using a Diatome diamond knife or Delaware diamond knife and were placed on
copper grids o f 150, 200 or 300 grid mesh. Sections were then counterstained with
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Table 1. Animal Number, Life Histories, Collection Site, Date Processed, Type Fixation and Portion Studied. *Specimen from toadfree island.
Specimen

Life History Stage

Prefecture. Locality

Process Date

Primary Fixation

Region Studied

AHS # L-8152

Adult Female

Chiba: Ichihara-City

7 November 1998

Formalin

Right Half

AHS # L-8153

Adult Male

Kyoto: Kyoto-City

28 November 1998

Gluteraldehyde

Anterior only

AHS# L-8154

Adult Male

Shizuoka: Izu

28 November 1998

Gluteraldehyde

Right Half

AHS# L-8156

Adult Female

Shizuoka: Izu

28 November 1998

Gluteraldehyde

Right Half

AHS# L-8160

Adult Female

Shizuoka: Izu

26 October 1998

Gluteraldehyde

Right Half

AHS# L-8162*

Adult Female

Miyagi: Kinkazan Is.

26 October 1998

Gluteraldehyde

Right Half

AHS# L-8166

Juvenile Male

Shiga: Eigenji-cho

8 November 1998

Gluteraldehyde

Right Half

uranyl acetate (2% aqueous) for 20 minutes and lead citrate (Sato’s modified) for three
minutes (Hayat, 1993). Staining both thick and thin sections with the use o f a slide
warmer set at 40-45 C dramatically improved the quality o f thin sections for viewing, as
the nuchal gland tissue has a low affinity for stain. Thick sections were viewed under a
compound microscope and photographed. Digital images o f thick sections o f the glands
were captured using Magnafire software. Thin sections from randomly selected blocks
representing cranial, central, and caudal regions of the gland were viewed and
photographed with a JEOL 100CX II transmission electron microscope at 60KV.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

31

CHAPTER IV
RESULTS
A. GROSS DISSECTION
In gross dissection the individual units of the nuchai gland series diminished in size
from anterior to posterior. Through the thick collagenous capsule, the glandular contents
appeared either yellow or white. Most of the glandular series matched the descriptions
by Nakamura (1935) and Smith (1938), consisting of paired series o f glands offset
laterally from the dorsal midline. However, the glandular series o f L-8156 included one
or two smaller glands slightly offset lateral to the paired series. The significance o f those
smaller glands is unknown.
Differences in texture and flexibility o f the glandular tissues were evident between
series fixed in formaldehyde and those fixed in a mixture of gluteraldehyde and
formaldehyde. Series preserved in formaldehyde alone were pliable to the touch,
whereas series fixed in a combination o f gluteraldehyde and formadehyde were more
rigid. During dissection, the contents o f the glands fixed in formaldehyde alone spilled
out of the glands upon bisection. Those contents were placed in a watch glass filled with
formalin and examined under a dissecting microscope, whitish crystalline structures as
reported by Nakamura (1935) were observed. Crystalline structures were not observed in
material fixed in a mixture of gluteraldehyde and formaldehyde.
B. LIGHT MICROSCOPY
The nuchal glands lie within the stratum compactum of the dermis. Connective tissue
surrounds and separates each gland, forming a thickened subspherical capsule containing
the nuchal gland cells. In cross section the connective tissue surrounding the gland is
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thinnest between the two overlying scales. There is no lumen or duct. Within the capsule,
nuchal gland cells abut the inner lining o f the capsule, without intervening basal cells.
Dermal collagen fibers and closely associated capillaries extend well into the gland
(Fig. 1). Although specific patterns o f gland partitioning are not observed, collagen fibers
appear to be supportive and are often accompanied by fibroblasts and mast cells.
Endothelial cells can be seen within capillary walls, and an occasional nucleated blood
cell can be observed within a vessel. Melanin granules and cytoplasmic extensions of
melanocytes containing various stages o f meianosomes are included among the nuchal
gland cells in the dorsal aspect o f the gland.
The appearance o f nuchal gland cells varies among specimens and from gland to
gland within an individual. Sections o f well-preserved, intact glands contain large,
mononuclear polygonal nuchal gland cells (Fig. 1). Generally, nuchal gland cells appear
similar in size throughout these sections, and most cell membranes are intact.
Occasionally cells o f some glands were markedly smaller in the dorsal region compared
to more ventral cells in the same gland. This was only observed in glands with intact,
polygonal cells. The cytoplasm is granular in appearance and stains light blue with
Richardson’s stain. Some well-preserved cells possess a large, empty vacuole, which
displaces the cytoplasm. Very few cells contain a vacuole filled with a substance
resembling condensed cytoplasm. Organelles are not identifiable at this magnification,
although a few small, dark-staining granules appear in association with a round or
oblong acidophilic nucleus located at the periphery of the cell. Generally, cells at the
periphery o f the gland contain more granules and are in better condition than more
central cells.
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Fig. 1. Transverse section of a nuchal gland of Rhabdophis tigrinus. The collagen (c)
of the dermis surrounds and abuts the nuchal gland cells (ng). Connective tissue of the
capsule (ct) extends into the gland. Note that the thinnest portion of the capsule (arrow)
occurs between the scales (s). Scale = 1 mm.

Fig. 2. Nuchal gland filled with cell remnants. Scale = 1mm.
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Most nuchal gland cells appear to be in various stages o f necrosis. Degradation of
tissue appears to begin with the breakdown o f the vacuole membrane, in some cases
allowing the cytoplasm to spill into the open vacuole. Further degradation is indicated by
a loss of cytoplasmic content, cell membrane disruption, or both. As deterioration
progresses cells appear hypertrophied, many only faintly defined by disrupted
membranes. Cytoplasmic content and distorted, pale-staining nuclei may be scattered
throughout the tissue. Most sections sampled included cells in this condition. In some
cases there were no intact nuchal gland cells. Instead, flocculent material, the apparent
remnants of cellular membranes, and scattered pyknotic nuclei are the dominant features
of a nearly empty gland (Fig. 2). Some glands in this condition showed an increased
amount of internal connective tissue and macrophages amidst the nuchal gland cell
remnants. Other tissues devoid o f nuchal gland cells are instead filled with dense
collagen fibers and a few cavernous spaces that frequently contain macrophages (Fig. 3).
The same section o f a gland may exhibit several different qualities o f tissue (Fig. 4).
Cells in some regions are intact, with clearly discemable cell membranes, while other
areas are filled wdth disrupted cells or lack cells entirely. A striking example of this
condition was found in the juvenile specimen L- 8166 (Fig. 5). The dorsal aspect
contains small, seemingly intact nuchal gland cells, each of which possesses an empty
vacuole, a nucleus, and dark-staining granules. A line of demarcation separates the
dorsal and ventral portions o f the gland and consists of accumulated cytoplasmic content
that has apparently come from adjacent tissue. Below this line cells appear
hypertrophied. Nuclei in the dorsal aspect o f the section appear bleached, distorted, and
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Fig. 3. Nuchal gland Filled with collagen fibrils, rather than nuchal gland cells. Scale
2 mm.
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Fig. 4. Transverse section of nuchal gland, illustrating both good and poor areas of
preservation. Note that the more dorsal cells appear hypertrophied, and some tissue is
missing completely. In contrast, the ventral cells are intact and are filled with cytoplasm.
Scale = 1 mm.
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Fig. 5. Transverse section of nuchal gland section from juvenile specimen, L-8166.
Note the difference between the dorsal and ventral regions of the gland. The dorsal cells
are smaller and contain nuclei and cytoplasm. The ventral cells appear to be
hypertrophied and empty. Also note the line o f demarcation between the two regions,
presumably comprised of accumulated cellular contents. Scale = 1 mm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

38

often dissociated from cells along with the cytoplasm. Although cells appear similar in
size in most glands, those o f the juvenile L-8166, are smaller at the periphery o f the
gland than in the center of the gland.
The necrotic or holocrine nature of the gland is evident in the central aspect o f some
sections (Fig. 6). In some sections holocrine activity is evidenced by cell membranes that
have either fused with adjacent membranes or ruptured, leaving the center o f the gland to
act as a lumen, surrounded by intact, smaller cells of the gland’s periphery. Some gland
sections that are not filled with predominantly intact cells demonstrate irregularities that
may be artifacts o f preservation (Fig. 7). Sections of specimen L-8152, preserved in
formalin only, apparently demonstrate the holocrine nature of the gland, although the
tissue appears poorly preserved (Fig. 8).
.An interesting inclusion discovered in the material o f one gland appears to be a
parasite embedded among the nuchal gland cells (Fig. 9). It is worth noting that this
unidentified parasite occurred in the specimen (L-8162) collected on a toad-free,
although not frog-free, island (Mori, pers. comm.).
C. ELECTRON MICROSCOPY
With few exceptions, the glands surveyed are predominantly filled with intact
cells devoid of organelles (Fig. 10). Instead, the cytoplasm of the gland cell is filled with
a sparse, flocculent material that appears as fine threadlike particles closely associated
with polyribosomes. Cells exhibiting internal structure beyond flocculent material were
very rare, perhaps one cell in several hundred. A few cells contained a euchromatic or,
occasionally, heterochromatic nucleus, surrounded by a few elongated mitochondria.
Some nuclei appear lobed, and the mitochondria of nuchal gland cells possess tubular
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Fig. 6. Transverse section of nuchal gland, showing evidence o f holocrine activity.
Scale = 1 mm.

Fig. 7. Transverse section o f nuchal gland. In addition to cell remnants that appear to
be indicative of a mature gland ready for defense, sections of tissue are missing (arrow),
indicating difficulties with fixation techniques. Scale = I mm.
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Fig. 8. Transverse section of nuchal gland of specimen (L-8152) fixed in formalin
only. Despite the apparent integrity o f the cell membranes, the cells are devoid of
cytoplasmic content suggestion a problem with fixation techniques. Scale = 1 mm.
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Fig. 9. Transverse section of nuchal gland from the specimen (L-8162) from a toadfree island. The two objects within the gland may be endoparasites. Scale = 1 mm.
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Fig. 10. Thin section of nuchal gland cells. In one cell a vacuole (v) filled with dense
material abuts a nucleus (n). Surrounding both are mitochondria (m) with tubular cristae.
Scale = 5 (im.
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cristae. In general, cells located at the periphery of the gland were more likely to contain
mitochondria (Fig. 11).
As in the thick sections, notable differences in the thin sections occur among
specimens and among glands within series. Cytoplasm is often displaced by a large,
empty vacuole, causing the cytoplasm to appear more dense and consequently darker
than the cytoplasm o f cells lacking vacuoles. On rare occasions a vacuole is filled with
what appears to be highly condensed cytoplasm. Other organelles were observed,
including Golgi apparatus, smooth endoplasmic reticulum, rough endoplasmic reticulum
and inclusions such as membraneless and membrane-bound fibrillar bodies, lipid
droplets and lipofuscin-like bodies. However, the occurrence of each organelle was
remarkably rare, again once per several hundred observed cells. Nerve bundles are seen
in the capsule of the gland, but only a single nerve fiber was seen embedded in a bundle
o f collagen fibrils within a gland.
The condition o f the cell membranes is noteworthy. In otherwise intact cells that
appear to have been well preserved, portions o f the cell membrane between adjacent
cells often are not visible and apparently are fused. In addition, membranes o f wellpreserved cells appear to undergo extensive vesiculation as small invaginations or
evaginations occur along the membrane. In some samples so much o f this pinocytotic
activity occurs that the membranes of adjacent cells are obscured (Fig. 12). Such
vesiculation is also found in glandular tissue that appears to be undergoing extensive
breakdown o f the membrane. Some cells show some regions in which vesiculation is
evident while other areas exhibit long pieces o f detached membrane that have coiled into
the cytoplasm.
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Fig. 11. Thin section of nuchal gland cells from region close to connective tissue
capsule that surrounds the gland. Cells close to the capsule generally possess more
mitochondria than cells toward the center of the gland. Scale = 3 pm.
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Fig. 12. Thin section of nuchal gland cells. Note vesiculating membranes of some
cells, with pinocytotic activity obscuring the cell membranes. Scattered polyribosomes
are also evident. Scale = 2 p.m.
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Several samples contained fenestrated capillaries (Fig. 13) bearing a large
number o f tiny vacuoles that appear to travel to adjacent gland cells and are perhaps
involved in a form o f intercellular transport. Indeed, even some o f the cytoplasmic
extensions o f melanocytes found within the gland exhibit vesiculating membranes.
As in the thick sections, most o f the glandular tissue appears to be undergoing
necrosis. Cell membranes are fragmented and coil into the cytoplasm. The membranes o f
large vacuoles are discontinuous, and cytoplasmic contents of the gland appear to spill
into otherwise empty vacuoles. Further disintegration o f cells results in scattered nuclei
and cytoplasmic remnants among strongly fragmented cell membranes. In some sections
macrophages appear to be breaking down large inclusions containing cytoplasm o f the
glandular cell.
Other cells within the glands include endothelial cells and blood cells of
capillaries, as well as fibroblasts and mast cells associated with collagen fibers o f the
dermis. These cells, unlike adjacent nuchal gland cells, possess a well-fixed nucleus, as
well as organelles such as rough endoplasmic reticulum, Golgi bodies, and nonsteroidogenic mitochondria. Generally the condition o f these cells and organelles provide
a benchmark o f fixation quality and contrast markedly with neighboring glandular cells
(Fig. 14).
Cytoplasmic extensions of melanocytes also occur within nuchal glands and
contain melanosomes in various stages o f development (Fig. 15). Melanosomes are also
observed in some macrophages. Decomposition of melanosomes may explain the
fibrillar bodies described above.
Among the cells o f specimen L - 8153 appeared to contain many lipid-filled
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Fig. 13. Thin section of nuchal gland cells. Capillaries within the gland appear
fenestrated and often contain nucleated erythrocytes. Few steroidogenic mitochondria are
observed. Scale = 5 fim.
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Fig. 14. Thin section o f nuchal gland cells. Note apparent holocrine activity. Also note
the well-fixed rough endoplasmic reticulum of a plasma cell adjacent to a fenestrated
capillary, in contrast to the surrounding cells. Note the peripheral nerve (arrow). Scale =
5 pm.
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Fig. 15. Thin section of L-8153 nuchal gland cells adjacent to connective tissue
capsule. Note the cytoplasmic extensions of melanophores bearing melanosomes in
various stages of formation. Some of these resemble unidentified inclusions within some
of the nuchal gland cells (arrow). Scale = 3 fim.
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droplets, as well as infolding membrane associated with lipid material. This structure did
not appear to belong to one o f the nuchal gland cells, but rather may have represented a
portion of a macrophage, as evidenced by the general degree o f breakdown o f its
contents (Fig. 16).
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Fig. 16. Thin section of nuchal gland cells. Note apparent membrane-bound lipid
droplets (1) and infolded membrane that appears to be associated with lipid content
(arrow). These features indicate that the cell may be a macrophage. Scale = 2 p.m.
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CHAPTER V
DISCUSSION AND CONCLUSIONS
The nuchal glands of Rhabdophis ligrinus and several other vertebrate
integumentary glands, including poison glands o f fishes (Quay, 1972) and the caudal
glands of D iplodactylus (Rosenberg and Russell, 1980), do not fit neatly into the general
pattern of vertebrate glands. Poison glands o f fishes are located in the integument, but
they lack ducts and the gland contents are released only when the glands are ruptured
(Krejsa, 1979). Caudal glands o f Diplodactylus are located submuscularly and lack a
duct (Rosenberg and Russell, 1980). Although they are located in the dermis, the nuchal
glands of R. tigrim ts are not connected to the surface of the integument by a duct, nor are
the cells of the glands replaced by dividing basal cells (Nakamura, 1935). Superficially,
nuchal glands possess characteristics o f endocrine glands in that they are highly vascular,
exhibit fenestrated capillaries, and lack a duct to deliver the product to the overlying
integument (Nakamura, 1935; Savitzky, pers. comms). However, the nuchal glands are
holocrine in nature and store their product locally (Richardson and Hinchliffe, 1983;
Nakamura, 1935).
Most vertebrate glands are of ectodermal origin (Krejsa, 1979) and defensive
integumentary glands o f mesodermal origin are remarkably rare. One other taxon in
which defensive glands may have such embryonic origin (Rosenberg and Russell, 1980),
and coincidentally the only other reptilian taxon possessing dorsal defensive glands, is
Diplodactylus. Future developmental studies are needed to determine the embryonic
origin o f the caudal glands of Diplodactylus, especially given the conflicting evidence
for an epithelial lining (H. Rosenberg, pers. comm ).
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Several comparisons can be drawn between the caudal glands o f Diplodactylus
and the nuchal glands o f Rhabdophis tigrinus. Neither possesses a connection to the
epidermis (Nakamura, 1935; Richardson and Hinchliffe, 1983), and both rely on
mechanical pressure to eject the secretion forcibly through a breach in the overlying
integument (Nakamura 1935; Rosenberg and Russell, 1980). Both possess glands that
are either full o f intact, polygonal cells, or that contain only cell remnants and pyknotic
nuclei (Richardson and Hinchliffe, 1983). Secretions o f both taxa test positive for
protein, are ocular irritants, repel potential predators (Richardson and Hinchliffe, 1983;
Nakamura 1935), and are associated with specialized defensive behaviors (Bustard,
1964; Mori et al., 1996).
Nonetheless, there are also differences between the glands o f the two taxa. The
caudal glands of Diplodactylus apparently are not as sensitive to differences in fixation
techniques, as are the glands of Rhabdophis tigrinus. An ultrastructural study of the
caudal glands of Diplodactylus reveals that the cells are filled with a substantial amount
o f infolded lamellae (Richardson and Hinchliffe, 1983), whereas the glandular cells of R.
tigrinus are filled primarily with flocculent material. Interestingly, the glandular cells of
Diplodactylus lack mitochondria, which are found in most eukaryotic cells (Junqueria, et
al. 1995), and Golgi apparatus. The glandular secretion of Diplodactylus is a predator
deterrent, although a voracious predator eventually will eat an autotomized tail
(Richardson and Hinchliffe, 1983). There are no known reports concerning the
palatability of the nuchal glands o f R. tigrinus. In addition, the caudal glands of
Diplodactylus are known to regenerate (Rosenberg and Russell, 1980), while such a
capability has yet to be demonstrated for the nuchal glands o f Rhabdophis tigrimis.
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The nuchal glands studied here exhibited a wide range o f morphologies, were
further confounded by fixation artifacts. Glands filled only with cell remnants or
collagen fibers were well-preserved and intact, while glands with polygonal cells, either
intact or undergoing holocrine degradation, sometimes exhibited fixation artifacts. The
results of this study also indicate that time is a critical element in limiting fixation
artifacts and preventing the autolytic activity with in the glands. Factors contributing to
these autolytic processes are unknown, but may include osmolarity, pH, and temperature
o f the fixative. The stress o f anesthesia also cannot be discounted. The range in quality
of tissue among individuals and among glands within series did not appear to be
associated with the position of the gland within the series, nor with age, sex, or
collection locality. However, the number of specimens examined is too low to permit
meaningful statistical tests o f these factors.
While the glands o f specimens preserved in a primary fixative mixture of
gluteraldehyde and formaldehyde ranged from very poor to very good, the glands from
the single specimen preserved in formaldehyde (L-8152) were universally poor in
quality. Many variables may contribute to poor fixation. The time between euthanasia
and fixation is highly variable and is dependent on the speed and success of cannulation.
Other potential sources o f variation include stress resulting from escape behavior during
initial anesthesia, the pressure under which the fixative was delivered during perfusion,
minor differences in temperature, period of fixation, the mechanical stress o f dissection,
as well as the size, age, and health o f the animal. In addition, the steps required to embed
a specimen in resin may alter the contents of nuchal gland cells, as evidenced by the
appearance of crystalline inclusions on the specimen fixed in formalin.
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The results for the juvenile specimen, L-8166, are difficult to interpret. Fixation
may explain the disparity in cell size between the ventral and dorsal aspects o f the gland.
Although the glands o f some specimens exhibited small, tightly packed cells in the
dorsal area of the gland when compared to the hypertrophied cells of the center and
ventral portions of the gland, this was greatly exaggerated in the juvenile specimen.
However, one effective means of differentiating between fixation and autolytic activity
is an inspection o f adjacent gland cells, such as pericytes and endothelial cells.
The presumed inclusion of endoparasites in specimen L-8162 may indicate a lack
o f noxious compounds within the gland. This finding is consistent with the hypothesis
that cardiac steroids are acquired from the diet. Even so, the simple absence o f parasites
in the glands of snakes from toad-present populations does not provide a strong test of
this hypothesis. Specific tests to determine the toxicity of the nuchal gland secretion on
known parasites of Rhabdophis tigrinus may provide better answers.
Removing factors related to fixation, the condition of the nuchal glands o f
Rhabdophis tigrinus ranged from intact polygonal cells to only cell remnants and
pyknotic nuclei to glands completely filled with collagen fibers. Such a wide range of
results is consistent with the hypothesis of glandular development and function proposed
for the caudal glands o f Diplodactylus (Richardson and Hinchliffe, 1983). Nuchal glands
do not have basal cells, as in a normal holocrine gland (Nakamura, 1935, Fukada, 1958,
pers.obs ). Instead, glands appear to proceed through a series of developing stages,
including differentiation, proliferation, hypertrophy, and eventually collective cell
disintegration. Only the last of these stages is characteristic of holocrine glands. The
gland may be eventually replaced with collagen fibers.
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Glands appear to grow from the proliferation o f small dorsal cells, which give
rise to the larger cells o f the ventral aspect o f the gland. Conversely, the dorsal cells may
be the last to enlarge and fill with defensive content. As the cells mature, vacuoles
continue to enlarge until the cells rupture, releasing both their product and cytoplasm
into the gland. The gland is then ready for defensive use. In time, macrophages enter the
gland and begin to digest remnants of cell membranes and nuclei. Collagen fibers later
fill the largely empty gland, replacing the glandular cells. Whether or not regeneration
occurs once the glands are filled with collagen is unknown, but such regeneration seems
unlikely given the short lifespan of this animal (Fukada, 1992; Goris, pers. comm.). The
presence o f collagen in many o f the sampled glands could indicate prior defensive use o f
the gland. Without a basal cell layer, regeneration of glandular cells following rupture
may not be possible; each gland may be used only once. Longitudinal studies of
deliberately expressed glands are necessary to determine repair cycles and possible
regeneration o f expressed glands.
Similar observations were made on the caudal glands o f Diplodactylus.
Secretions contained either intact polygonal cells or cell remnants and pyknotic nuclei,
suggesting asynchronous development. Indeed, secretions containing intact, polygonal
cells were obtained only after severe and persistent provocation (Richardson and
Hinchliffe, 1983). In both Rhabdophis tigrinus and Diplodactylus species, gland
activation results from high mechanical pressure exerted by surrounding tissue, forcing
the ejection o f defensive secretion (Nakamura, 1935; Rosenberg and Russell, 1980). The
possible staggered development o f glandsin Diplodactylus may be an adaptation for
preventing the entire defensive series from being delivered during a single attack. Future
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studies may reveal a similar pattern in gland development in R. tigrimts. Interestingly,
completely expressed parotoid glands o f Bufo americanus also do not regenerate. Once
expressed, lymphocytes invade the degenerating gland and resorbtion o f the expressed
gland occurs. A new gland arises from the Malphigian layer of the epidermis, adjacent to
the former gland (McCallion, 1956).
Results from tests conducted to characterize the nature o f the glandular secretion
in Rhabdophis tigrinus (Akizawa et al., 1985b; Azuma et al., 1985; Nakamura, 1935) led
me to predict that protein-producing and steroid-producing (or altering) organelles would
be discovered in this ultrastructural study. However, the nuchal gland cells lacked the
numbers o f organelles expected to support protein synthesis, such as large numbers of
mitochondria, rough endoplasmic reticulum, and Golgi apparatus, as well as organelles
required for steroid production or modification, such as smooth endoplasmic reticulum
and abundant mitochondria with tubular cristae. Although the predicted organelles were
not present in the expected quantities, the plasmalemma o f intact, polygonal cells did
demonstrate a high degree of pinocytotic activity, and, although few in number, several
mitochondria with tubular cristae and scattered polyribosomes were observed.
Based on the low numbers o f organelles associated with protein or steroid
synthesis, the cells of the nuchal glands do not appear to synthesize a defensive product.
Indeed, a low number of mitochondria is considered to reflect low metabolic activity
(Hostetler and Cannon, 1974). Instead, the results suggest the sequestration and
modification of toxins from a diet of toads. This is consistent with the largely vascular
nature o f the gland, the fenestrated capillaries, and the high degree o f vesiculation of the
nuchal gland cell membranes. Steroids are low in molecular weight and are capable of
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passing across cell membranes without active transport (Junqueria et al., 1995). The
presence o f protein in the secretion may be explained by the vesiculating activity along
the plasmalemma and the homogeneously distributed polyribosomes within the
flocculent cytoplasm. Cells with a high degree of pinocytotic activity and characterized
by low numbers o f organelles are often found in simple squamous mesothelia and
endothelia. Transporting vesicles enter and leave such cells in as little as 2-3 minutes
(Junqueria et al., 1995).
In comparison, an uitrastructural study of the parotoid glands of Bufo marinas, a
toad known to possess cardiac steroids (Hostetler and Cannon, 1974), revealed similarly
low numbers o f elongated mitochondria with laminar cristae (Hostetler, per. comm ), a
high degree o f vesicular activity along the membranes o f some cells, very few Golgi, and
occasional granular endoplasmic reticulum. It is believed that some cells of the parotoid
gland synthesize a product that is delivered to adjacent cells of the gland by pinocytotic
activity (Hostetler and Cannon, 1974). Evidence of such transport was not found in the
nuchal gland cells in this study, although future study may reveal such intercellular
associations. Some chemical compounds normally found in expressed parotoid secretion
were not found in the product collected from within the gland, suggesting that volatile
defensive compounds may be bound by proteins (Hostetler and Cannon, 1974). Such a
process could also occur in the nuchal glands of Rhabdophis tigrimis.
One vertebrate gland that secretes both lipids and proteins is the uropygial gland
o f birds. Basal cells that give rise to the holocrine cells o f the gland pass through four
stages of development. The first stage involves the synthesis of protein and involves
such organelles as ribosomes and rough endoplasmic reticulum. In the remaining three
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stages of development, smooth endoplasmic reticulum replaces the rough endoplasmic
reticulum, and the cells produce lipid compounds (Wagner and Boord, 1975). Such a
system cannot be ruled out for Rhabdophis tigrinus at this time. A detailed
embryological study o f gland formation may provide additional clues by identifying the
cells involved in early differentiation o f the glands.
Rhabdophis tigrinus is considered a common snake in Japan (Fukada, 1992).
However, its defensive nuchal gland series renders it highly unusual among vertebrates.
Specifically, the gland series appears to be mesodermal in origin and appears to
sequester defensive compounds from a diet of toads. The morphology of the nuchal
glands, as determined in this study, provides additional evidence for such sequestration
in R. tigrinus. Although the structure of the nuchal glands suggests that dietary
compounds can be sequestered, future studies will be required in order to provide a
stronger test of this hypothesis. Such studies might include a chemical analysis of the
nuchal gland content o f toad-free and toad-present populations, as well as a comparison
of the gland contents to chemicals found in the skin of anuran prey species.
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